A Fuzzy-PID controller is designed for tracing reference cutting forces in grinding by integrating a high performance fuzzy controller and an easy to use PID controller. When the error of the grinding force is large, in order to respond quickly, the fuzzy controller with a self-tuning factor is adopted and the Max-Proc strategy is also used. This will be good for fuzzy reasoning. If the error of the grinding force is small, the PID controller is adopted for the benefit of robustness. The combined controller presents many advantages over conventional adaptive and fuzzy controllers, such as real time feasibility, robustness, and stability. A series of simulation work have been achieved to examine the sudden and gradual changes in the cutting depth. Experiments have been carried out on an NC grinding machine to validate the proposed approach.
Introduction
The method to improve NC machining efficiency is to increase the material removal rate in the permission range of machine-tool-workpiece system. The constant force control method by adjusting the feed velocity timely is one of the main paths to reach this goal. Moreover, it can also improve the stability of NC machines and the surface quality of workpieces [1] .
In the grinding force control, the fixed gain grinding force control such as PID control is applied widely because of its simple, but the uncertainty of grinding process may result in the real-time change of grinding force, moreover make PID controller instability or distortion. So it is necessary to adopt the adaptive control strategy for good stability of the system [2] . Many researchers [3] [4] [5] [6] [7] [8] have done lots of work on the adaptive control for the finishing grinding process. The objectives have been focused on the control of deburring, not grinding process itself. Based on a grinding model, an adaptive pole-zero cancellation technique has been proposed [9] [10] and implemented to reduce the grinding process variation. But a mismatch in the model has not been solved.
In this research, a compound control strategy is studied in grinding process. When the error of the grinding force is large, fuzzy control mode with self-tuning factor of two inputs and one output is adopted, it can make the grinding force to reach the reference value quickly. The control regulation of fuzzy control mode is expressed by an analytical equation, and reasoned by Max-Proc strategy. The self-study function of Self-tuning factor can improved the dynamic characteristic of grinding process. When the error of grinding force is smaller, PID controller is adopted. So the robust of system can be improved.
Fuzzy-PID Controller Design
The close loop Fuzzy-PID control system for a NC grinding process is shown in Fig. 1 
where x a and b are the measured , minimum, and maximum value of a crisp set, respectively. y and n are the measured, and maximum value of a fuzzy subset, respectively.
Translates a numeric value of the error or error rate into a linguistic value with a membership grade such as positive and big. In the Fig. 2 , N is for negative P is for positive B is for big M is for medium S is for small and ZO is for zero. After quantification, {NB NM NS ZO PS PM PB} D {-3 -2 -1 0 1 2 3}. For convenience in computation, a isosceles triangle shaped membership function is used for all fuzzy subsets. The membership function is expressed as 
where Construct the fuzzy control rule with the self-tuning parameter, noted as a . It can be tuned automatically, according to the value of error in the fuzzy control on the grinding process, the self-tuning process is
where c is the fuzzy subset of control variable, j and m represent the fuzzy subset of error e and error rate e & , respectively
. 0 a and s a are the up and down limit of the self-tuning factor respectively, represents an absolute and integral operation. 
, 2, , , 
where i c s , is the area of triangle.
From Eq. (9) or Fig. 2 , the output of fuzzy controller with the self-tuning factor can be got. But the servo system only accepts a single crisp feed command, so the control variable needs to be judged from the fuzzy subset of an output as , , 
where When the error is smaller, the PID controller is adopted for its robustness. Model of grinding process include the servo feed system and grinding force. The transfer function of servo system of NC
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grinding machine, after the z transform, is
where
, T is the sampling interval, f K is the stiffness of lead screw, c K , a K and M K are the coefficients of the A D , the servo amplifier, and the motor, respectively, M T is the time constant. The grinding force model can be obtained through experimental tests [9] [10] , based on the z transform, as
where 1 a b .are the coefficients related with the grinding wheel.
According to Eq. (12) and Eq. (13), the grinding process model can be obtained as
(14)
Self-tuning Factor Selection
For the Fuzzy-PID controller with a self-tuning factor, the self-tuning factor a is important, because it affects the response velocity, overshoot error, and the robustness greatly. For example, if the value ofa is smaller, although there is no over error, the response velocity is slower. So it is necessary to give the principle and range of up and down limit of self-tuning factor 0 a , s a .
The conditions used in the simulation are listed. The wheel was GB46ZR1. The dimensions of carbon iron Q235 are as shown in Fig. 3(a) . The rotation velocity of spindle was 1000r/min. The cutting depth was 4mm. The reference grinding force was F r =50N. The scaling factor 40 = K , 100 -= a , and 100 = b
. When the self-tuning factor 9 . 0 ³ a or 6 . 0 £ a ( Fig. 3(b) ), the control result could be distorted. So the parameters were selected as 0 a =0.65, and s a =0.85, respectively.
(a) (b) Fig. 3 Dimension of the workpiece and the grinding force changes with the self-tuning factor
Experimental Testing and Discussion
The experiment equipments of constant force control are shown in Fig. 4 . The grinding force can be measured by Kisrler three axis dynamometer (because the grinding force of z axis is very small, it can be ignored) two signals are dealt by two CPU control composed of TMS320C50 A DSP and one PC 586 after signals are amplified by charger amplifier and filtrated by low-pass filter. Then amplified by numeric optical isolation power amplifier, and sent to the PLC of surface grinding machine. Furthermore, make the worktable move by driving the servo motor. 6-7 , there is not cutting in the initial phase, so the grinding force equal to zero, the feed velocity is up to maximum value quickly. After cutting, when the grinding force is bigger than the reference force, the Fuzzy-PID controller adjust the feed velocity for grinding force tracking the reference value. Fig.  6(a) shows the change of the open loop grinding force when the abrupt shaped workpiece is grinded. By comparison with the change of close loop grinding force shown in Fig. 7(a) , if not considering the grinding time with no load, the open-loop grinding process needs about 40s, but the Fuzzy-PID control grinding process only need about 31s, the grinding efficiency is improved 24%. By comparison grinding time of Fig. 6(b) and Fig. 7(b) , open loop system need about 48s, and close loop system only need about 32s, the grinding efficiency is improved 35 %.
Conclusions
A new Fuzzy-PID controller with a self-tuning factor has been proposed and examined for applications in NC grinding processes. When the error in grinding force is large, in order to response quickly, the fuzzy controller with a self-tuning factor is used together with the Max-Proc strategy for better fuzzy reasoning. If the error in grinding force is small, a PID controller may be used for better robustness. Simulation and experimental testing verify that the combined controller has many advantages over the conventional adaptive and fuzzy controllers, such as real time feasibility, robustness, and stability. In particular, the grinding efficiency can be improved significantly.
